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Non-polar a-plane GaN ﬁlm with crystalline quality and anisotropy improvement is grown by use of
high temperature AlN/AlGaN buffer, which is directly deposited on r-plane sapphire by pulse ﬂows.
Compared to the a-plane GaN grown on AlN buffer, X-ray rocking curve analysis reveals a remarkable
reduction in the full width at half maximum, both on-axis and off-axis. Atomic force microscopy image
(1.5 nm). Photoluminescence is carried out on the a-plane GaN grown on r-plane sapphire. It is
found that, at low temperature, the dominant emission at 3.42 eV is composed of two separate peaks
with different characteristics, which provide explanations for the controversial attributions of this peak
in previous studies.
& 2010 Elsevier B.V. All rights reserved.1. Introduction
In recent years, non-polar and semi-polar planes of III-nitride
have attracted much attention because of the beneﬁts of
completely or partially avoiding the polarization-induced electric
ﬁelds along the c-axis [1–5]. Specially, a-plane (1 1–2 0) GaN ﬁlm
and heterostructures grown on r-plane (1 0–1 2) sapphire have
great potential due to the high thermal stability, low price, and
technological maturity of the sapphire substrate. However, planar
a-plane GaN ﬁlm grown on r-plane sapphire still suffers from very
high density of crystal defects, such as threading dislocations
(TDs) and basal-plane stacking faults (BSFs) [6,7], which deterio-
rate device performance and reduce the light emitting efﬁciency.
In order to improve the crystal quality of the a-plane GaN ﬁlm,
AlN and GaN nucleation or buffer layers were used and optimized
[2,8–10], similar to the c-plane GaN growth [11,12]. Recently, Dai
et al. [13] reported that the low temperature AlGaN nucleation
layer showed superior properties than those of the AlN and GaN
nucleation layer due to the reduction in lattice mismatch with the
r-plane sapphire and a-plane GaN. However, little work has been
reported on the growth of high temperature AlN/AlGaN on r-plane
sapphire substrates as a buffer for subsequent GaN growth.ll rights reserved.
x: +90 312 290 1015.
oyu@bilkent.edu.tr (H. Yu).In the present study, we demonstrate the growth of high
temperature AlN/AlGaN structure by novel pulse ﬂows, and
comparatively investigate the effects of AlN/AlGaN and AlN buffer
layers on the crystalline quality of a-plane GaN ﬁlms. The optical
properties of a-plane GaN were also studied by photolumines-
cence (PL) characterizations.2. Experimental details
The samples were all grown on double-polished (1–1 0 2)
r-plane sapphire by a low-pressure metalorganic chemical
vapor deposition (MOCVD) technique. Trimethylgallium (TMGa),
trimethylaluminium (TMAl), and NH3 were used as the precursors
for Ga, Al, and N, respectively. Initially, the sapphire substrate was
annealed at 1050 1C for 10 min in order to remove the surface
contaminants. Then, 250 nm-thick (1 1–2 0) a-plane AlN and AlN/
AlGaN ﬁlms were directly grown on r-plane sapphire as a buffer
for subsequent GaN growth. Fig. 1 shows the gas ﬂow sequences
that were used for the AlN and AlN/AlGaN structure growths.
For the AlN ﬁlm (sample A), TMAl ﬂow was continuous during
the NH3 pulse-ﬂow sequence, similar to the previous report [14].
For sample B, the NH3 and TMGa sources were simultaneously
supplied by pulse ﬂows while the TMAl ﬂow was continuous,
which results in an AlN/AlGaN multilayer structure. The MOCVD
growth pressure, temperature, and V/III ratio were controlled to
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sample A. Sample B was grown with the V/III ratio of 400, while
other growth parameters, such as growth pressure and tempera-
ture were the same as those of sample A. The growth rates for AlN
and AlN/AlGaN structures were 5.0 and 7.2 nm/min, respectively.
After the growth of the buffer layers, 4 mm-thick a-plane GaN
ﬁlms were grown on the two kinds of buffers at 1050 1C. In the
ﬁrst step, a relatively high V/III ratio (1500) and reactor pressure
(300 mbar) were applied for 10 min, in order to enable the GaN
growth to start from a three-dimensional (3D) mode. Subse-
quently, the V/III molar ratio and reactor pressure were reduced
to 200 and 100 mbar, respectively, which resulted in a fully
coalesced surface [15]. A high-resolution X-ray diffractometer
(Rigaku-Smartlab) was employed to evaluate the crystalline
quality and anisotropy of the samples, delivering a CuKa1 line
of wavelength l¼0.1541 nm. X-ray rocking curves (XRCs) were
measured for the on-axis and off-axis diffraction planes. Surface
morphology of the samples was examined by atomic force
microscopy (AFM), Veeco DI-CP II, using contact mode. Optical
properties of the epi-layers were investigated by UV optical
transmission spectroscopy and temperature-dependent PL, using
a 325 nm He–Cd laser.Fig. 1. Schematics of the NH3, TMAl, and TMGa ﬂow sequence for the growths of
AlN and AlN/AlGaN buffer layers on r-plane sapphire.
Fig. 2. The 5 mm5 mm AFM images of 250 nm-thick AlN3. Results and discussion
Fig. 2a and b shows the AFM images of as-grown samples
A and B, respectively. Both samples feature an anisotropy stripe-
like mosaic surface morphology, elongated along the c-axis. This
is possibly due to the asymmetric lattice mismatch between
r-plane sapphire and a-plane Al(Ga)N along the m-axis and c-axis
[13]. The root-mean-square (RMS) surface roughness of sample A
was measured as 1.98 nm over the 55 mm2 scan area. The RMS
surface roughness of sample B was signiﬁcantly reduced to
1.21 nm over the same scan area, which is indicative of improved
surface smoothness. Moreover, mean size of the sub-grain for
sample B was remarkable larger than that of sample A, which
might be due to the enhancement of the lateral migration of Ga
atoms compared to Al atoms on the growing surface. In general,
large grain size is desirable for an epilayer with a mosaic
structure, because the majority of dislocations in the epilayer
are formed at grain boundaries [16,17]. The relatively smooth
surface as well as large grain dimension of AlN/AlGaN buffer
supplies a superior underlying layer for the subsequent growth of
a-plane GaN ﬁlm.
Optical transmission was carried out for both the samples
grown under various processing conditions. As shown in Fig. 3,
curves I and II correspond to the spectrum of samples A and B,
respectively. The spectrum of sample A shows the optical
transmission starting from 203 nm, which corresponds to the
band gap of the AlN ﬁlm. Compared to the spectrum of sample A, a
higher rate of transmission along with well-deﬁned Fabry–Perot
oscillations was clearly observed in the spectrum of sample B, due
to the improved crystalline quality and smoother surface. The cut-
off wavelength of sample B is measured as 220 nm, which
corresponds to 85% Al content in the AlGaN alloy.
Specular GaN ﬁlms were grown on the AlN and AlN/AlGaN
buffers, which are named as samples C and D, respectively. Fig. 4
shows AFM images of samples C and D over 55 mm2 scan area.
Both samples exhibited a fully coalesced pit-free surface under
the AFM characterizations. Anisotropy stripe features along the
c-direction and surface undulation along the m-direction were
observed on both of the samples, which is similar to the previous
report [2,8,11]. The RMS roughness of samples C and D was
measured as 1.94 and 1.52 nm, respectively, indicating the
improvement of surface smoothness by the use of high quality
AlN/AlGaN buffer.(a) and AlN/AlGaN (b) structures on r-plane sapphire.
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of azimuthal angle, j, which is set as 01 (c-axis [0 0 0 1]) and 901
(as shown in Fig. 4b) when the incident and diffracted X-ray beam
is parallel and perpendicular to the stripe direction of the GaN
ﬁlm, respectively. FWHM of the on-axis (1 1–2 0) XRCs increases
monotonically with angle j turning from 01 to 901, and then
decreases symmetrically with angle j turning from 901 to 1801 for
samples C and D. As shown in Fig. 5, the FWHMs of XRCs for
sample D are remarkably lower than those for sample C in the
measurement region. In addition, both the samples exhibit
anisotropic FWHMs for the on-axis XRCs, which might be due to
the stripe-like structure originating from the asymmetric lattice
mismatch and the adatom diffusion length. The ratios of the
maximum (j¼901) to the minimum (j¼01) FWHMs are
calculated as 1.51 and 1.29 for samples C and D, respectively,
indicating the improvement of isotropy by using the high
temperature AlN/AlGaN buffer.
Thin ﬁlms grown on substrates with lattice mismatches
usually exhibit a mosaic structure, which means that the ﬁlmsFig. 4. The 5 mm5 mm AFM images of a-plane GaN
Fig. 3. UV transmission spectroscopy of the AlN and AlN/AlGaN structures grown
on r-plane sapphire.consist of sub-grains slightly mis-oriented with respect to each
other and the underlying substrate. The FWHM of on-axis
(1 1–2 0) XRCs is an effective means of evaluating the mosaic
tilt (out-of-plane misalignment) in the epi-layer. However, it is
not sensitive to the mosaic twist (in-plane misalignment), which
is an important aspect of the mosaic structure. To study the
mosaic tilt/twist distribution in the a-plane GaN ﬁlm, we further
carried out XRD research on the off-axis planes, such as (3 0–3 0)
and (2 1 1 0) for j¼01 and (1 1–2 2) and (1 1–2 4) for j¼901 in
this study. Fig. 6a and b shows FWHMs of the off-axis XRCs as a
function of inclination angle, w, with the azimuthal angle j¼01
and 901, respectively. In both azimuthal directions, the FWHMs of
off-axis XRCs display a lower value for sample D than those for
sample C. Compared to those of sample C, sample D has
remarkably low peak widths for both on-axis (Fig. 5) and off-
axis (Fig. 6) reﬂections, indicating a signiﬁcant improvement of
crystalline quality and anisotropy through the application of
the AlN/AlGaN buffer layer. For sample D, the FWHMs of on-axis
(1 1–2 0) and off-axis (3 0–3 0) XRCs are measured as 0.1651 andﬁlms grown on AlN (a) and AlN/AlGaN (b) buffer.
Fig. 5. FWHMs of the (11–20) on-axis XRCs for a-plane GaN as a function of
azimuthal angle j.
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for a-plane GaN on r-plane sapphire without lateral epitaxial
overgrown (LEO) process [15,18].
To investigate the optical properties of a-plane GaN, tempera-
ture-dependent PL was performed on the as-grown samples.
PL spectra from samples C and D show a similar behavior. In this
paper, we provide the PL investigations of sample D. Fig. 7a showsFig. 6. FWHM of off-axis XRCs for a-plane GaN as a function of the plane i
Fig. 7. PL characterizations of a-plane GaN grown on AlN/AlGaN multilayer buffer: (a) 2
spectra in the temperature region of 8–80 K, the peak positions of peaks 5 and 6 were r
region 8–300 K, and (d) the peak energy positions of emissions 6 and 7 as a function othe 20 K PL spectrum of sample D as a black solid line. Seven
emissions, peaked at approximately 3.112, 3.218, 3.300, 3.333,
3.419, 3.438, and 3.489 eV (labeled as 1–7), were well resolved
using multiple Gaussian ﬁtting functions. A good matching of the
ﬁtted curve (red dash line) with the experiment spectrum is
helpful in identifying the emissions by determining the peak
positions and FWHMs accurately. Separately, the peak at 3.489 eVnclination angle, w, for two sets of planes at j¼01 (a) and j¼901 (b).
0 K PL spectrum and the multiple Gaussian function ﬁtting results, (b) detailed PL
epresented as dashed lines separately, (c) PL spectra measured in the temperature
f temperature.
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emission (NBE), while the peak at 3.30 eV (FWHM¼39.2 meV)
has been generally attributed to the donor–acceptor pair (DAP)
emission, as previously reported [19,20]. According to the energy
separation, emissions 2 and 1 are assigned to the one to two
longitudinal optical (LO) phonon replicas of emission 3.
Origin of the dominant peak at around 3.42 eV has not been
well understood. In the previous studies, the emissions from
approximately 3.41 to 3.44 eV were indiscriminately identiﬁed as
a ‘‘near 3.4 eV emission’’, which were controversially attributed to
BSFs-related DAP, quantum well formed in BSFs or exciton bound
to BSFs [6,21–23]. Since a-plane GaN layers grown on r-plane
sapphire contain a high density of BSFs [2,6,9], strong lumines-
cence at around 3.4 eV is expected. In this research, it is found
that this dominant peak with a relatively large width can be well
ﬁtted by two separate emissions at 3.419 and 3.438 eV with
FWHMs of 32.7 and 16.8 meV, respectively. The two emissions
show remarkably different characteristics with increasing the
temperature. Compared to emission 6, emission 5 has a much
higher density when the temperature is lower than 20 K (Fig. 7a),
but it quenches very fast with increase in temperature, as shown
in Fig. 7b. In contrast, emission 6 can be observed in the spectrum
with temperature increasing to 300 K, as shown in Fig. 7c.
Fig. 7d shows the peak positions of the NBE and emission 6 as a
function of temperature. Experimental points are ﬁtted by
Varshni’s empirical formula: E¼E0aT2/(T+b). For the NBE
emission, we obtained the best ﬁt for E(0)¼3.493 eV, a¼0.82
meV/K, and b¼857 K, which are of similar values as in the report
for c-plane GaN [24]. At low temperature, the excitons are
essentially localized on donors (D0X). With increase in tempera-
ture, the D0X progressively quenches to the beneﬁt of the A free
exciton emission, in agreement with previous observations in
c-plane GaN [25]. The energy peak position of emission 6
blueshifts with temperature increasing from 8 to 80 K, and
then it approximately follows the same redshift with exciton
emission 7 above 80 K.
According to the behavior of emissions 5 and 6 as a function of
temperature and FWHMs of the two peaks, we suggest that
emission 5 is attributed to a recombination of a BSFs-related DAP
[23,26]. Emission 6 is attributed to the recombination of the
exciton bound to the BSFs [6,22,27]. Our experimental results
show that at low temperature, there are two kinds of BSFs-related
emissions existing simultaneously in the spectrum of a-plane GaN
grown on r-plane sapphire, which may help to clarify the
controversial attributions of the dominant emission.
In summary, this work has demonstrated the growth of AlN
and AlN/AlGaN buffer layers on r-plane sapphire using the pulse-
ﬂow technique. Crystalline quality and anisotropy are improved
in a-plane GaN ﬁlms using high temperature AlN/AlGaN buffer.
AFM image shows a fully coalesced pit-free surface with low RMS
roughness ( 1.5 nm). Temperature-dependent PL was carried
out on a-plane GaN. It was ﬁrst found that, at low temperature,the dominant peak at 3.42 eV is composed of two separate
peaks with different properties, which provide explanations for
the controversial attributions of this peak in previous studies.Acknowledgements
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